Abstract The effect of femtosecond laser irradiation on adherent mesenchymal stem cell was investigated with the aim to develop a novel noninvasive cell purification system. A single mesenchymal stem cell was irradiated with a femtosecond laser on the center of the cell using several energy values and the cell lost its replication capacity with one time irradiation with an energy of 2.0 lJ. Besides at a neighbor point in the major axis, when irradiated in the minor axis at a distance shorter than 10 lm, the cell stopped its replication capacity. The accumulation effect of cell damage caused by multiple laser shots at a neighbor point in the minor axis was correlated with the critical distance at which the cell lost its replication capacity. Finally, a novel equation of laser cell damage as a function of laser pulse energy and laser shot number is proposed.
Introduction
Human mesenchymal stem cells (hMSCs) offer the possibility of obtaining many kinds of tissue such as bone, tendon, and cartilage and can be isolated from adult bone marrow by aspiration (Darwin 1997) . However, heterogeneity has been reported during the isolation, proliferation and differentiation (Yokoyama et al. 2008 ). The quality of the cells, in terms of heterogeneity in the culture, should be estimated before transplantation and it should be performed noninvasively.
There have been reported methods that include cell morphological analysis in two and three dimensions for the estimation of cell quality, in terms of heterogeneity. Two-dimensional analysis employed a conventional inverted microscope for determining whether the differentiation of hMSCs into chondrocytes had occurred . Threedimensional analysis employed a phase-shifting laser microscope (PLM) to estimate the cell cycle, mean generation time and tumorigenesis (Ito and Takagi 2009; Tokumitsu et al. 2009 Tokumitsu et al. , 2010 .
A heterogeneous cell population should be purified into a homogeneous cell population from the viewpoint of quality control for cell medicine. This issue might be especially critical when the heterogeneous cell population contains malignant cancer cells. The cell purification should be performed noninvasively (Uchugonova et al. 2008) .
The conventional methods of cell purification, including flow cytometry and magnetic separation, involve extremely invasive procedures such as detachment of adhesive cells into suspension and addition of antibodies. Although the conventional method requires a specific antibody conjugated with a fluorescence or magnetic particle, there might not be a 100% specific antigen. Moreover, the conventional method can be performed only once during the longtime cell processing because cells need to be in suspension and stained (Lindstrom and AnderssonSvahn 2010) . Consequently, it is virtually impossible to obtain 100% purity by the conventional invasive method.
When a femtosecond laser with a low intensity (i.e., 1 nJ) and high repetition rate (i.e., 80 MHz) is directly focused on a cell through an objective lens, the cell could be knocked out by photo thermal and photochemical interactions (Uchugonova et al. 2008) . Alternatively, when a femtosecond laser with a high intensity (i.e., 1 lJ) and a low repetition rate (i.e., 1 kHz) is focused into a cell culture medium through an objective lens, a stress wave due to a shockwave and a cavitation bubble are generated, propagating a wave packet. The impulsive force due to the stress wave is localized in the vicinity of the laser focal point (a few tens of lm) and has been used to detach a single animal cell from a cell culture . The impulsive force is considered to knock out the cell, not only at the laser focal point but also in the vicinity of the laser focal point by mechanical interactions.
Each unnecessary cell needs to be respectively irradiated and many irradiation procedures might be required to remove many unnecessary cells, while the conventional method can remove many unnecessary cells at the same time. So, the novel noninvasive cell purification system using a femtosecond-laser-induced impulsive force in this study might be appropriate to perform with a small number of cells in an early stage of cultivation and to remove a small number of cancer cells appearing during cultivation.
We aimed to propose a novel noninvasive cell purification system using a femtosecond-laser-induced impulsive force, in which the laser is focused on or in the vicinity of an unnecessary cell such as a cancer cell. To establish this system, irradiation conditions such as the intensity of irradiation for the killing of an unnecessary cell should be determined. Moreover, the minimum distance between an unnecessary cell and a necessary cell, required for the survival of the necessary cell, should be determined.
In this study, the energy value necessary to prevent the replication of an hMSC was determined when a femtosecond laser was focused on its center. Then, the critical distance between the irradiation point and a neighboring necessary cell for the survival of the latter was determined. An equation to correlate the critical distance to the power and number of irradiation is suggested.
Materials and methods

Cells
Human bone marrow mesenchymal stem cells (hMSCs) were used. The cells were isolated from bone marrow aspirate obtained by routine iliac crest aspiration from a human donor (19-year-old male). All subjects enrolled in this study gave their informed consent, which was approved by our institutional committee on human research, as required by the study protocol.
The isolated cells were plated on dishes (55 cm 2 ; Corning, Tokyo) at a concentration of 0.15 9 10 4 cells/cm 2 using Dulbecco's modified Eagle's medium-low glucose (DMEM-LG; Gibco, Carlsbad, CA, USA) supplemented with 10% FBS (Gibco), 2,500 U/l penicillin, and 2.5 mg/l streptomycin, and cultured at 37°C in a humidified atmosphere containing 5% CO 2 .
Single cell culture A single cell culture was obtained by limited dilution. Cells were detached using trypsin-EDTA from the dish and plated onto 96-well plates (Sumilon, Tokyo) at a concentration of approximately 12.5 cells/cm using the medium supplemented with 2 ng/ml FGF2 (Peprotech, Rocky Hill, NJ, USA) and cultured at 37°C in a humidified atmosphere containing 5% CO 2 . The presence of a well containing only one adherent cell was confirmed on day 1 and laser was irradiated on that well on day 2.
Irradiation with femtosecond laser
Femtosecond laser pulses were produced by a regeneratively amplified Ti:Sapphire laser system (Spit Fire, Spectra-Physics, 800 nm, 50 fs), which was then led to a microscope and focused into the samples with a 20X/0.4 NA objective lens (LWD CA20 PL, Olympus). The repetition rate of the pulse train was tune to be 200 Hz and the amount of shots was controlled with a mechanical shutter (Fig. 1) .
Irradiation was focused on the center or the neighbor point on the major or minor axis of the single fibroblast-like cell (Fig. 2) and cultured for one more week at 37°C in a humidified atmosphere containing 5% CO 2 . The height of the focus was the same as that of upper surface of the bottom of well and the average depth of the cell was approximately 1.5 lm (Takagi et al. 2007 ). Then, it was determined using an optical microscope whether there were plural cells in a well. Each irradiation condition was performed at least three times and the same result was confirmed.
Results
Influence of laser energy hitting a cell on cell replication
Single-shot laser irradiation was performed in the center of the cell with different energy values, and cell replication was confirmed to determine the amount of energy necessary to stop cell proliferation. For an amount of energy of 1 lJ, the cell maintained its replication capacity, but for an amount of energy higher than 2 lJ, the replication capacity was lost (Table 1) , indicating disappearance of the cell replication. The energy value of 2 lJ was employed for further experiments. Influence of distance in the major axis between laser focal point and cell surface on cell replication A single-hit shot of 2 lJ at a neighbor point in the major axis of a single cell was performed to determine the critical distance at which cell proliferation was stopped.
When the outer surface of the cell was irradiated, it lost its replication capacity. On the other hand, the irradiation at points 5, 10, 15, 20 and 30 lm away from the membrane resulted in replication (Table 2) .
Consequently, no loss of cell replication capacity was observed when the stress wave was exposed in the direction of the major axis.
Influence of distance in the minor axis between laser focal point and cell surface on cell replication Single-shot irradiation at a predetermined distance from the cell in the minor axis with a 2 lJ laser was performed to determine the critical distance at which cell proliferation was stopped.
When the cell was irradiated at a point 5 lm away from the membrane, it lost its replication capacity. On the other hand, the irradiation at points 10, 15, 20 and 30 lm away from the membrane resulted in replication (Fig. 3) .
Consequently, a distance larger than 10 lm between the laser focal point and cell surface in the minor axis was necessary to maintain the cell replication capacity.
Influence of laser shot number in the minor axis on cell replication Multishot irradiation (2-16 times) of 2 lJ pulses at a neighbor point in the minor axis of the cell was performed to determine the influence of laser hit number on cell replication. Two, four, eight and sixteen shots at the points between 10 and 15, 30 and 35, 35 and 40 and 50 and 55 lm, respectively, resulted in the loss of replication capacity (Fig. 3) . Consequently, the necessary distance between the laser focal point and cell surface in the minor axis for the maintenance of the cell replication capacity increased with the laser shot number.
Discussion
The mean generation time in the pre-culture was approximately 110 h. So, the replication capacity was considered to be lost, when plural cells were not found at day 9. However, it is not clear whether the irradiated cell loses the replication capacity eternally. The femtosecond laser pulse is partially absorbed at the laser focal point with multiphoton absorption. Possible pathways of the absorbed energy are plasma radiation, local heating in the focal volume, and mechanical effects such as shock wave emission and cavitation bubble generation, whose mechanics are explained in terms of optical breakdown (Vogel et al. 1999) .
The loss of replication capacity when the laser pulses hit the center of a cell could be explained by laser ablation of the cytoskeleton and nucleus due to the local heating, mechanical effects, and multiphoton absorption (Shen et al. 2005) .
The loss of replication capacity when the laser hits a point away from the cell surface could be explained by the impulsive force due to the stress wave generated by the laser irradiation (Vogel et al. 1999; Doukas et al. 1991) .
The local stress generated by the impulsive force decreased proportionally to 1/r 2 , where r is the distance from the laser focal point, because the stress wave approximately propagates spherically (Doukas et al. 1991) . When the cell was hit in the minor axis, a larger amount of surface was exposed to the stress wave than when it was hit in the major axis. This could explain why the influences of laser irradiation at the point 5 lm away from cell surface were different between the major and minor axes.
The threshold of the stress generation was the pulse energy between 1 and 2 lJ. Although the stress generation fluctuates at the vicinity of the threshold in the case of nanosecond and picosecond laser irradiation, such fluctuation is negligible even at the threshold because of highly effective multiphoton absorption. Actually, a stable generation of the stress wave was observed at 2 lJ. Consequently, since the impulse generated at the pulse energy higher than 2 lJ is stable and strong enough to eliminate the replication capacity, the experiment has a good reproducibility.
The critical distance (R c ) is defined as average between the maximum distance at which cell proliferation was stopped, and the minimum distance at which the cell could maintain its replication capacity. In the case of single-shot irradiation in the minor axis of the cell, the maximum distance at which the cell proliferation was stopped was 5 lm, and the minimum distance at which the cell could maintain its replication capacity was 10 lm, thus, the critical distance was 7.5 lm. In the case of two, four, eight and sixteen hits, the critical distances were 12.5, 32.5, 37.5, and 52.5 lm, respectively.
It has been shown that irradiation with a femtosecond laser causes oxidative stress (a) evoking the production of ROS, (b) resulting in membrane barrier dysfunction, (c) inducing structural deformation and fragmentation of the nuclei as well as DNA strand breaks, (d) leading to cell death by apoptosis (Tirlapur et al. 2001) . It is predictable that the longer the irradiation time, the larger the damage to the cell, and this is shown by the increase in the critical distance with the increase in the laser hit time.
A function for Laser Cell Damage (LCD) was defined in terms of the pressure of the shock wave (P) and number of irradiations (n). The dependence of LCD on the number of hits was assumed to be an exponent function with the number of hits being the base and an unknown exponent (h).
where k and h are constants, and P and n are the pressure of the shock wave and the laser shot number, respectively. The pressure of the shock wave is given in terms of the force at the laser focal point, F, and the distance, R, between the laser focal point and the membrane of the cell as
Therefore, the LCD is rewritten as
LCD was assumed to be greater than 1 when the cell lost its replication capacity, equal to 0 when the cell maintained its replication capacity and equal to 1 for the critical distance.
In the case of the critical distance, that is, when LCD is 1, Eq. 2b was converted to a logarithmic scale:
The experimental data shown in Fig. 3 were plotted in Fig. 4 and the value of h was calculated on the basis of the regression line obtained using Eq. 3. log 10 ðR c Þ ¼ 0:72 Â log 10 ðnÞ þ 0:92 ð4Þ
By comparing Eqs. 3 and 4, h was found to be 1.44, indicating nonlinearity in the accumulation of cell damage caused by femtosecond laser pulses.
Furthermore, we estimated F under the present experimental conditions using our original force measurement system by atomic force microscopy (AFM) and the results are shown in Fig. 5 (Hosokawa et al. 2004) . The force at the laser focal point, F, which is indicated as a unit of impulse (Ns), was increased linearly with laser pulse energy I as indicated in Eq. 5: 
Conclusions
The minimum laser energy required to stop the replication of MSC irradiated with a femtosecond laser was estimated. The influence of the distance between the laser focal point and cell surface on the replication capacity was also studied. Moreover, the cumulative effect of cell damage caused by multiple laser shots was correlated with the critical distance at which the cell lost its replication capacity. Finally, a novel equation for LCD as a function of laser pulse energy and laser shot number was proposed. This equation may be useful for estimating the optimum parameters for further applications, while the parameter values in the equation may vary depending on the pulse width, NA of lens, and so on. A novel noninvasive cell purification system using the irradiation of femto second laser may contribute a noninvasive quality control of cell processing for transplantation in future. 
